This paper describes binding properties of specifically designed receptors. Anion binding ligands use a large variety of binding sites (ammonium, guanidinium, Lewis acid m); all these classes will be presented with emphasis on the binding strength and the structures of the complexes. The review is concluded by a brief survey of applications.
INTRODUCTION
The fundamental concepts exposed in the seminal paper by Lehn in 1973: Design of Oreanic ComDlexing A < (ref. 1) have found abundant applications in the field of cation recognition. More recently, mainly in the last decade, this approach has been applied to the design of anionic receptors. The prerequisite of any ligand tailoring is to consider in great detail the chemical and physicochemical properties of the substrate to be bound. In the case of anions it must be recognized that compared to cations they are large, even for the monoatomic species: (anion radii in A), F-(1.36), C1-(1.81), B r (1.99, I-(2.16). Secondly a large variety of geometries is encountered, spherical (F-, C1-, Br-, I-), linear (N -, CN-, SCN-a.), planar (NO -, C032-, R-CO2-a.), tetrahedral (PO42-, S042-, ClO4-), octahedral (I?e(~~)64-, c O ( C N )~~-a.1. Finafiy a vast number of anions exist only in a limited p~ range, i.e., above pH 5-6 for the carboxylates (ref. 2). The ligand designer has therefore to take account of all the various anion characteristics. The size and geometry of the anion dictate the shape and size of the ligand, thus macrocyclic, macrobicyclic, macropolycyclic topologies can be used; even acyclic systems have been designed. The final and most important step in the design of the receptor is the choice of the anion binding sites which will occupy appropriate positions in the ligand. Even though interaction sites for anion binding are now numerous their development has been laborious. The ammonium and guanidinium binding sites have been the most used, but other positively charged groups like sulfonium and phosphonium have also been considered. Lewis acid functions i.e. electron-deficient centres (tin, mercury, boron, silicon) have been actively studied very recently. The use of this type of binding site leads to neutral ligands. Other anion binding sites have been explored, for example highly fluorinated macrocyclic ethers have been shown to complex fluoride anion (ref. 3a) . Finally the use of the amide function (-N€JCO-) has been mentioned in a few reports, this function may have a promising future. In this short review the various types of anion receptors will be presented including their possible applications. Few reviews have been published devoted specifically to anion receptors (ref. 4a and others in the text), but several more general articles deal in part with anion complexation (ref. 4b) . In particular the last excellent review by Izatt al. gives exhaustive coverage of thermodynamic and kinetic data for anion complexation.
POLYAMMONIUM MACROCYCLES
The 18-azacrown-6 also called hexacyclen 1 has been shown to complex a large variety of anioas in its m and tetra rotonated forms. For example 1, 3H+ complexes polycarboxylate anions (citrate3-, succinate2-,
The stability constants of all these complexes are weak or moderate (log $ from 1 to 3). The sulfate anion is also complexed by both 1, 3H+ and 1,4H+ (log Ks -2 and -4 respectively). A 1,4H+ -2S042-may also be formed (ref. 5d ) and an X-ray crystallographic study on 1,4H+ (NO3-)2 (C1-)2 shows that no anion is included in the central cavity (ref. 5b) . A molecular mechanics study on 1,3H+ has also been published (ref.
malonate 3 -a.) (ref. 5a ); 1,4H+ complexes inorganic anions (Cl-, NO -B r , ClO4-, 103-etc) (ref. 5b, c) .
Note: i) the presentation will not follow the chronological order of discoveries; ii) due to space limitation the synthesis of the ligands will not be discussed; iii) for the same reason the rich field of interactions of anions with metal-ion centres in complexes: (LM+) + X-= (LM+)X-will not be treated here (ref. 3b). 5c). The complexation ability of a large variety of other tetra-, penta-and hexaamines in their protonated forms have been studied and formation of complexes of phosphate anions such as inorganic phosphates, AMP, ADP, ATP has also been observed (ref. 5a ). These studies and others have revealed a fundamental aspect concerning the number of protons a polyamine can accomcdate at neutral pH. This point can be illustrated by comparing three types of tetraamines 2 , 3 and 4 ; respectively the [ 12lane N4, [ 16lane N4 and [20] ane N4. These symmetric amines have respectively two, three or four methylene groups between two successive nitrogen atoms. The first and second protonation constants @K1-11, pK2 -10) show only small changes but the third and fourth protonation constants exhibit large variations: 2 (pK3 = 1.7, p& < l), 3 (pK3 = 6.9, p& = 5.4), 4 (pK3 = 10.6, p& = 8.9) (ref. 5a and 6). One can see that at neutral pH the [12] ane N4 can only be diprotonated, whereas [20] ane N4 is fully protonated at this pH. These observations are not surprising since the natural tri-and tetraamines (spermidine and spermine) have both three and four carbon atoms between two successive nitrogen and are therefore fully protonated at physiological conditions which allows them to interact strongly with polyanionic nucleic acids (ref. 7). The correct spacing of successive nitrogens is therefore of primary importance in the design of anion receptors based on polyamines; it is obvious that in order to achive strong complexation highly charged ligands are desirable. It has been shown that the 4,4H+ ligand binds F-(ref. With the aim of obtaining highly charged receptors Lehn U have synthesized polyamines containing six or eight nitrogens; the amine functions are separated by three methylene groups in compounds 6 and 7, in 8 and 9 the diamine or triamine groups are separated by a five atoms unit containing no proton acceptor site (ref. 10). The ligands 6 and 8 in their hexaprotonated forms complex dianions (sulfate, oxalate, malonate, succinate, tartrate, AMP etc.), trianions (citrate, 1,3,5-benzenetricarboxylate, ADP, cobalt hexacyanide) and tetraanions (iron hexacyanide, ATP). The stability constants (log K,) are high: from 2.4 to 4.7 for dianionic species; from 3.3 to 7.7 for trianionic species and from 6.3 to 9.1 for tetraanionic substrates. The octaprotonated ligand 7 forms complexes with the same anions, the stability constants are in many cases notably higher. Some structural effects are observed; for example the large anions are very strongly complexed by the large 7, 8H+ ligand. A detailed study by 3lP-NMR spectroscopy on AMP, ADP, ATP nucleotides binding by the protonated ligands 6,7,9 has revealed that 6 and 9 form 1: 1 complexes whereas in some cases 7 binds two nucleotides (ref. 11). Crystal structures of two hexaaza macrocycles 9 and 10 as their hexahydmhloride salts have been determinated. In the case of 9,6H+ a strong interaction is observed with one chloride ion. whilst two chlorides are seen to be more weaklv bound. In 10. 6H+ two C1-are bound above and below the mean plane of the macrocycle, each of them by a group of three ammonium units (ref. 12) . The macrocycle 9 has been attached to a polymer; the bound macrocycle having a high affinity for ATP (ref. 13) . Long aliphatic chains have been attached to the macrocycle 9 and other hexaaza macrocycles; these compounds will certainly allow efficient extraction of anions (ref. 14) . Very large macrocycles containing seven to twelve amine functions have been synthesized and despite the fact that the amines are separated by only two methylene groups they can be very high1 protonated in the neutral pH region (ref. R u ( C N )~~-, very strongly affects the redox behaviour of the bound anions as well as their photochemical properties. These two aspects have been very actively studied (ref. 18) . A class of ditopic polyamine macrocycles 12 has been synthesized containing two mamine subunits each able to bind one carboxylate group. These compounds can therefore complex, in their protonated forms, dicarboxylate anions -@,C-(CH2)m-C02-. Each receptor 12 binds preferentially the best adapted dicarboxylates (m = 2 and 3 for n = 7; m = 5 and 6 for n = 10) (ref. 19) . Polyaza macrocycles incorporating pyridine have also been synthesized, the hexaprotonated dipyridino-28-crown-8, 13 forms complexes with SeO42-and S042-(log Ks -3.5) (ref. 20) . A ligand 14, designed to form complexes of an intercalative type has been synthesized. In its tetraprotonated form 14 binds flat anions like 1,4-benzene dicarboxylate and 2,6-naphtalene dicarboxylate (log Ks -4) (ref. 
P O L Y A M M O N I U M MACROBICYCLES
The first class of purely organic ligands, 18, has been described by Park and Simmons (ref. 25) . The inclusion of halides was suggested by NMR studies and has been confirmed by the crystal structure of the diazabicyclo [9.9.9.], 2H+, 2C1-in which one C1-is located in the centre of the cavity (ref. 9), HPO42-(5.5.), AMP2-(3.85), ADP3-(5.85), ATW-(KO), P2074-(10.3) . One example, the triguanidinium macrocycle 25 binds PO43-but the stability constant is low (log K, = 2.4). Several explanations for this weak complexation can be put forward: a limited number of binding sites, ligand conformation leading to unadapted configuration of the guanidinium moiety i.e. there is no good possibility of forming pairs of hydrogen bonds. The poor binding properties of these systems combined with their cumbersome synthesis have apparently alienated further research in this direction and efforts have been focused on acyclic ligands. Several non-cyclic di-, tri-and tetraguanidinium (for example, propylene diguanidinium, tris(ethyleneguanidinium)amine, ethylenediamine tetrakis(ethy1ene guanidinium)), have been described. These ligands form relatively stable complexes with many phosphate and carboxylate anions (ref. the quite rigid directionality of the amide NH moiety. 
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